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tion in the context of the metabolic syndrome. Relations between the fasting plasma insulin concentration, an adequate measure of insulin sensitivity in non-diabetic people [2] and fasting plasma lipoprotein concentrations have been established in many population-based studies in diverse ethnic groups [3] . The fasting plasma insulin concentration correlates positively with whole plasma and VLDL triglycerides and negatively with HDL cholesterol even in multivariate analyses controlled for important confounders such as age, sex, glucose tolerance, obesity and body fat distribution. Population-based studies have also reported associations between fasting plasma insulin and lipoprotein subclasses such as the inverse relations to the LDL peak particle size [4] and the HDL 2 cholesterol concentration [5] . Furthermore, the plasma insulin concentration has proved to be related to the production of large VLDL particles with a Svedberg flotation (Sf) rate of 60 to 400 in experimental studies in humans using a stable isotope technique [6] .
Enhanced and prolonged postprandial lipaemia has been related to coronary and carotid atherosclerosis and to the clinical manifestations of CHD [7±9] . The knowledge of how postprandial lipaemia is regulated is poor, although many factors are known to influence the lipaemic response, i. e. fasting plasma triglycerides, glucose tolerance, age, sex, diet, obesity, body fat distribution and apolipoprotein (apo) E genotype [10, 11] . Little is known about the relations between plasma insulin concentrations and postprandial lipaemia and population-based studies in this area are still lacking. Inappropriate release of NEFA into the circulation in the postprandial state is, however, a hallmark of the metabolic syndrome and is likely both to reduce the sensitivity of glucose metabolism to insulin and to enhance postprandial lipaemia [12, 13] . In accordance with this, small studies have suggested possible roles of insulin resistance and hyperinsulinaemia as determinants of the postprandial plasma concentrations of triglyceride-rich lipoproteins (TRLs) in non-diabetic people [14, 15] . Whether TRLs of intestinal origin are partly or entirely responsible for the relation between fasting plasma insulin concentration and postprandial lipaemia [15] is also under debate.
In this study, the relations of the fasting plasma insulin concentration to alimentary lipaemia and postprandial plasma concentrations of NEFA and TRLs were investigated in a population-based sample of healthy, 50-year-old men with an apo E3/3 genotype. The relations with obesity, body fat distribution and blood glucose and plasma proinsulin concentrations were also examined. Postprandial plasma triglycerides and the content of apo B-100 (reflecting VLDL and VLDL remnant particle numbers) and apo B-48 (reflecting chylomicron and chylomicron remnant particle numbers) in subfractions of TRLs were measured to evaluate the lipid and lipoprotein responses to a mixed meal.
Subjects and methods
Subjects and study design. A total of 99 subjects, recruited from a population survey comprising 412 50-year-old Caucasian men living in the northern parts of the county of Stockholm, participated in the study. The original cohort was randomly selected from a registry comprising all permanent residents. Inclusion criteria for the present study, in addition to male sex and age of 50 years, were North European or North American descent and the presence of an apo E3/E3 genotype. Exclusion criteria were chronic disease of any kind, a history of CHD or arterial thromboembolic disease, familial hypercholesterolaemia, BMI more than 32 kg/m 2 , alcohol abuse or psychiatric disorders that would interfere with compliance and participation in other ongoing studies. Of 412 men originally invited to participate in the programme, 324 (79 %) accepted. They then underwent a screening examination comprising blood sampling for fasting plasma lipoproteins, blood glucose, routine tests for liver, renal and thyroid functions and DNA isolation. Participants were also interviewed by a nurse who completed a questionnaire about medical history and current medical status, medication, smoking habits and alcohol consumption. Weight, height and waist and hip circumferences were measured, as was blood pressure, the latter after a 5-min rest in the supine position.
Screenees who were homozygous for the apo E3 allele and without any exclusion criteria were subsequently asked to return for an oral fat tolerance test, the protocol and composition of the mixed meal of which has been described previously [16] . The total energy content of the meal was 1000 kcal with 60.2 energy % (E%) from fat (soybean oil), 13.3 E% from protein and 26.5 E% from carbohydrate. Blood samples were drawn after an overnight fast and then every hour for 6 h after ingestion of the test meal. In the fasting samples, blood glucose, plasma insulin, proinsulin and NEFA, cholesterol and triglycerides in plasma and major lipoprotein fractions and the apo B-48 and apo B-100 contents in Svedberg flotation rate (Sf) over 400, Sf 60±400, Sf 20±60 and Sf 12±20 lipoprotein fractions were determined. Plasma triglycerides were measured in all postprandial samples, whereas apo B-48 and apo B-100 were measured in subfractions of TRLs in the 3-h and 6-h samples. In addition, plasma NEFA were determined in the 3-h and 6-h samples.
The study was approved by the ethics committee of the Karolinska Hospital. All subjects gave their informed consent to participation.
Lipoprotein determinations and other assays. Fasting plasma concentrations of cholesterol and triglycerides in VLDL, LDL and HDL were determined by a combination of preparative ultracentrifugation, precipitation of apo B-containing lipoproteins and lipid analyses [17] . Triglyceride-rich lipoproteins were subfractionated by cumulative density gradient ultracentrifugation [18] . Consecutive runs calculated to float Sf over 400, Sf 60±400 and Sf 20±60 particles were made and the Sf 12±20 fraction was recovered by slicing the tube after the Sf 20±60 lipoproteins had been aspirated. All Sf over 60 particles are referred to as large TRLs and Sf 20±60 particles as small TRLs.
The apo B-48 and apo B-100 concentrations in each TRL fraction were determined by analytical SDS-PAGE [19] . Gels were stained by Coomassie G-250 (Serva, Heidelberg, Germa-ny) and then scanned using a laser scanner connected to a personal computer, which was equipped with software providing automatic integration of areas under the scanning curves (Gelscan XL, Pharmacia, Stockholm, Sweden). Using the present methodology, the limit for detection of apo B-48 and apo B-100 is 0.02 mg/l plasma concentration. Plasma NEFA were measured by an enzymatic colorimetric method (Wako Chemicals, Neuss, Germany).
A polymerase chain reaction technique was used to determine apo E genotype [20] . Glucose was measured in whole blood by a glucose oxidase method. Plasma insulin and proinsulin were measured by commercial ELISAs based on pairs of mouse monoclonal antibodies (DAKO Diagnostics, Cambridgeshire, UK). The cross-reactivity between insulin and proinsulin is 0.3 % in the insulin assay. Within-assay and between-assay coefficients of variation for insulin determinations were 5.3 % and 6.2 %, respectively. The detection limit for insulin is 3 pmol/l.
Calculations and statistical analyses. Data are given as means ± SEM. The incremental area under the curve (IAUC) of plasma triglycerides (determined by the trapezoid method) was used as a measure of the postprandial triglyceride response. All statistical analyses were conducted using the JMP statistical package (SAS Institute, Cary, N. C., USA). The individual values of skewed variables were log normalized before statistical tests. Relations of plasma insulin and NEFA to fasting and postprandial lipoproteins were first evaluated by ANOVA (insulin and NEFA quartiles used as categorical variables) and then by analysis of covariance (ANCOVA) (insulin and NEFA quartiles used as categorical variables), with adjustment for BMI, waist-to-hip circumference ratio (WHR) and blood glucose. Fasting plasma triglycerides or the fasting plasma concentration of the relevant TRL or of NEFA were also taken into account when analysing postprandial data. Relations of plasma proinsulin to fasting and postprandial lipoproteins were evaluated by ANCOVA (proinsulin used as a categorical variable), with adjustment for BMI, WHR and blood glucose. A p value of less than 0.05 was considered as indicative of a statistically significant relation.
Results
Characteristics of the study group. The majority of the participants were normotensive, not obese and had normal fasting blood glucose and lipid values. Most of them also had a normal fasting plasma insulin concentration (only 15 % had an insulin concentration greater than 60 pmol/l). Plasma insulin quartiles were strongly related to BMI, WHR, and plasma proinsulin concentrations, whereas the association with the blood glucose concentration was barely significant (Table 1) .
Relations between plasma insulin and fasting lipoproteins. The plasma insulin concentration was significantly related to fasting VLDL cholesterol and triglycerides and to HDL cholesterol, even after adjustment for BMI, WHR and blood glucose, when subjects were grouped according to quartiles of the fasting plasma insulin concentration ( Table 2 ). The independent association of insulin with VLDL lipids was mainly accounted for by large VLDLs (Sf > 60 apo B-100). Fasting plasma insulin was also independently related to the fasting plasma concentration of large and small chylomicron remnants (Sf > 60 apo B-48 and Sf 20±60 B-48, respectively). The intermediate density lipoprotein (IDL) (Sf 12±20 apo B-100) concentration was also independently related to plasma insulin quartiles. In contrast, the significant univariate association between plasma insulin quartiles and LDL triglycerides disappeared after adjustment for BMI, WHR and blood glucose. Furthermore, there were no statistically significant relations between the fasting plasma insulin concentration and fasting plasma concentrations of small VLDLs (Sf 20±60 apo B-100). The corresponding relations of the plasma proinsulin concentration were also analysed with adjustment for BMI, WHR and blood glucose. No association was found between quartiles of plasma proinsulin and VLDL cholesterol, HDL cholesterol and IDL using these covariates. Otherwise, the same independent associations with plasma lipid and lipoprotein concentrations were present for plasma proinsulin (data not shown) and plasma insulin (Table 2) . Conversely, BMI, WHR, and blood glucose were not related to fasting plasma lipoproteins, when plasma insulin concentrations were taken into account (data not shown).
Relations between plasma insulin and postprandial lipids and lipoproteins. The postprandial plasma triglyceride response to the mixed meal, illustrated in Fig. 1 and measured as the IAUC for triglycerides, was significantly related to the quartile distribution of the fasting plasma insulin concentration, independently of fasting plasma triglyceride concentration, BMI, WHR and blood glucose concentration (Table 3).
The postprandial plasma concentrations of individual TRLs at 3 and 6 h after intake of the test meal in subjects grouped according to plasma insulin quartile are shown in Table 3 . The postprandial plasma concentrations of large VLDLs and large chylomicron remnants were associated with the fasting plasma insulin concentration. These relations were mainly accounted for by the subjects in the upper insulin quartile. Covariance analyses showed, however, that . ±*±, QI; ±&±, QII; ± X ±, QIII; ± S ±, QIV the differences in postprandial plasma concentrations of large TRLs according to fasting insulin concentration depended entirely on differences present already in the fasting state and were not related to the postprandial response of the large TRLs. The postprandial plasma concentrations of the small chylomicron remnants were also significantly higher in subjects in the upper insulin quartile (Table 3) . In contrast to the large TRLs, the relations of the postprandial small chylomicron remnants to fasting plasma insulin concentration seen at 6 h after intake of the test meal was independent of their fasting concentration (and of BMI, WHR and blood glucose). Postprandial plasma concentrations of small VLDLs, on the other hand, were not related to the fasting plasma insulin concentration. The quartile distribution of the fasting plasma proinsulin concentration showed similar associations with the postprandial plasma concentrations of large VLDLs and large chylomicron remnants as did plasma insulin quartiles (data not shown), i. e. differences in postprandial plasma concentrations of large TRLs according to fasting proinsulin concentration depended entirely on differences present already in the fasting state and were not related to the postprandial responses of the large TRLs. In contrast to plasma insulin, no relation was, however, found between the plasma proinsulin concentration and the late postprandial plasma concentration of small chylomicron remnants that was independent of the fasting plasma concentration of small chylomicron remnants and of BMI, WHR and blood glucose.
The late postprandial plasma concentrations of NEFA tended to be higher in subjects in the upper insulin quartile (Table 3 , p = 0.06 in ANOVA for the plasma concentrations at 6 h). A corresponding, considerably stronger relation was observed between plasma proinsulin quartiles and the late postprandial plasma concentration of NEFA [proinsulin quartile I(QI): 0.28 ± 0.02 (means ± SEM); QII: 0.28 ± 0.02; QIII: 0.30 ± 0.02; and QIV: 0.37 ± 0.03 mmol/l NEFA, p = 0.008 (after adjustment for fasting NEFA, BMI, WHR and blood glucose)].
Of note, none of the potential confounding factors (BMI, WHR and blood glucose) was independently related to postprandial lipoproteins, when plasma insulin or proinsulin concentrations were taken into account (data not shown).
Relations between postprandial plasma NEFA and postprandial TRLs. Because the plasma concentrations of NEFA tended to be higher in subjects in the upper insulin quartile at 6 h after intake of the test meal, suggesting that insulin-mediated suppression of NEFA was impaired in these subjects, NEFA relations to responses of individual postprandial lipoproteins were subsequently examined to further explain the role of insulin/insulin sensitivity in postprandial lipoprotein metabolism. A statistically highly significant, graded, positive relation was found between the increase in large VLDL from baseline to 6 h (D0±6 h Sf > 60 apo B-100) and plasma NEFA concentrations at 6 h (Fig. 2) . This relation was independent of the fasting plasma insulin concentration (p = 0.02 in ANCOVA with adjustment for plasma insulin, BMI, WHR and blood glucose). A similar relation existed between the increase in large chylomicron remnants from baseline to 6 h (D0±6 h Sf > 60 apo B-48) and plasma NEFA concentrations at 6 h ( Fig. 2) , which was also independent of the fasting plasma insulin concentration (p = 0.03 in ANCOVA with adjustment for plasma insulin, BMI, WHR and blood glucose). In contrast, NEFA concentrations at 6 h after intake of the test meal were not related to the responses of the small TRL species (Fig. 2) .
Discussion
The primary objective of our study was to investigate the relations of the fasting plasma insulin concentration, an adequate surrogate measure of degree of insulin sensitivity, to postprandial lipaemia and plasma concentrations of individual postprandial TRLs in a population-based group of largely non-obese, healthy middle-aged men. The main finding was a fairly strong positive association between plasma insulin and the triglyceride response to the test meal that was independent of BMI, WHR, blood glucose and the insulin effect on fasting plasma triglycerides. Furthermore, the plasma insulin concentration was strongly related to the postprandial plasma concentrations of large VLDLs and large chylomicron remnants. These relations exclusively reflected, however, the association between plasma insulin and the fasting plasma concentrations of these lipoprotein species, whereas the postprandial responses of the large TRLs were not related to the fasting plasma insulin concentration. In contrast, the association between plasma insulin and the late postprandial plasma concentrations of small chylomicron remnants was not entirely dependent on the corresponding association of plasma insulin with the fasting plasma concentrations of this remnant species. The corollary is that insulin sensitivity could add to the regulation of the basal production of large TRLs, whereas other mechanisms determine the postprandial responses of these lipoproteins. The postprandial responses of small chylomicron remnants, on the other hand, are to some extent influenced by insulin sensitivity. In the fasting state, plasma insulin was independently related to the VLDL triglyceride and HDL cholesterol concentrations as well as to the plasma concentrations of large (Sf > 60) VLDL, large chylomicron remnant and IDL particles. The associations between plasma insulin and fasting VLDL triglycerides (positive) and HDL cholesterol (inverse) have been shown repeatedly before [3] . The increased VLDL triglyceride concentration seen in the highest insulin quartile was paralleled by statistically signifi-A B Fig. 2 A, B . Postprandial responses of large (Sf > 60, *) and small (Sf 20±60, X) triglyceride-rich lipoproteins to a mixed meal in healthy 50-year-old men who were grouped according to quartiles of the plasma NEFA concentration at 6 h after intake of the test meal. Values are least squares mean ± SEM. Sf > 60 apo B-100 represents large VLDLs; Sf 20±60 apo B-100, small VLDLs; Sf > 60 apo B-48, large chylomicron remnants and Sf 20±60 apo B-48, small chylomicron remnants. D0±6 h Indicates change between baseline fasting value and 6 h. A A statistically highly significant, graded, positive relation was found between the increase in large VLDL from baseline to 6-h (D0±6 h Sf > 60 apo B-100) and plasma NEFA concentrations at 6 h (p = 0.02 in ANCOVA with adjustment for plasma insulin, BMI, WHR and blood glucose). The corresponding relation for small VLDLs was not significant (p = 0.12). B A graded positive relation also existed between the increase in large chylomicron remnants from baseline to 6 h (D0±6 h Sf > 60 apo B-48) and plasma NEFA concentrations at 6 h (p = 0.03 in ANCOVA with adjustment for plasma insulin, BMI, WHR and blood glucose). In contrast, the increase in small chylomicron remnants from baseline to 6 h was not related to plasma NEFA concentrations at 6 h (p = 0. 17) cantly higher fasting plasma concentrations of large TRLs. Insulin has been shown to regulate the production rate of large, but not small, VLDL particles in humans [6] . It is reasonable to believe that subjects in the highest insulin quartile in our cohort are to some extent insulin resistant and, as a consequence, the suppressive effect of insulin on the production of large VLDLs is reduced. The link between insulin concentration and postprandial chylomicron response might, on the other hand, reflect the ensuing increased competition for lipoprotein lipase (LPL) between VLDL and chylomicrons.
The late postprandial plasma concentrations of NEFA, which were not adequately suppressed in the least insulin-sensitive subjects (those in the upper insulin quartile), were positively related to a prolonged postprandial increase in large VLDLs and large chylomicron remnants. The link between perturbed postprandial metabolism of NEFA and large TRLs was not entirely dependent on concomitant insulin resistance or impaired glucose tolerance or either of them, because the relation of the NEFA concentration at 6 h after intake of the test meal to increases in large TRLs between baseline and 6 h remained statistically significant even after adjustment for fasting plasma insulin concentration, BMI, WHR and blood glucose. Thus, the NEFA effects on the postprandial metabolism of large TRLs appear to be not solely a consequence of the degree of insulin sensitivity of the individual person. The rate of hepatic VLDL secretion is strongly dependent on the NEFA supply [21] . Failure to suppress the NEFA supply to the liver in the postprandial state could lead to sustained VLDL production and impaired clearance of postprandial TRLs through competition of the large VLDLs with chylomicrons and large chylomicron remnants for hydrolysis by LPL. In addition, local accumulation of NEFA could lead to inactivation of LPL by dissociating the enzyme from its endothelial binding site [22, 23] .
We found that fasting plasma insulin is independently associated with the postprandial triglyceride response. This is in agreement with some [15, 24] but not all previous studies [14, 25] . There was also an independent positive relation between plasma insulin and the late postprandial particle concentration of small chylomicron remnants. The latter observation extends the previous finding of a positive correlation between day-long insulin and postprandial retinyl palmitate responses [15] . Enhanced alimentary lipaemia and increased postprandial plasma concentrations of TRLs have important clinical and metabolic consequences. Peak and late postprandial triglyceride concentrations have been associated with coronary atherosclerosis [7, 26, 27] and early carotid atherosclerosis [8, 28] . Furthermore, postprandial retinyl palmitate concentrations, reflecting postprandial concentrations of chylomicrons and chylomicron remnants, are associated with CHD in case-control studies [29, 30] and postprandial plasma concentrations of small chylomicron remnants are related to progression of coronary lesions as determined by sequential coronary angiographies [31] .
The triglyceride response to the test meal is an independent predictor of common carotid artery intima-media thickness (IMT) in the present cohort, as measured by B-mode ultrasound examination [9] . The main finding of the present report of a fairly strong positive association between plasma insulin and degree of postprandial triglyceridaemia, that is independent of BMI, WHR, blood glucose and the insulin effect on fasting plasma triglycerides, sheds new light on the relation between alimentary lipaemia and early atherosclerosis. The insulin relation with postprandial triglyceridaemia suggests that a person's plasma insulin concentration/insulin sensitivity is a basic pathogenic factor in atherogenesis, the effect of which is at least partly mediated by postprandial TRLs.
The exaggerated postprandial lipaemia also has consequences for the particle composition of all major plasma lipoproteins. These effects are mediated by the cholesteryl ester transfer protein (CETP), which catalyses the transfer of cholesteryl esters from HDL and LDL to chylomicrons, VLDL and IDL and the reciprocal transfer of triglycerides [32] . Triglyceride-enriched LDL and HDL particles are good substrates for hepatic lipase and the result is smaller and denser LDL and HDL particles, constituting a more atherogenic lipoprotein phenotype. It is notable in this context that increased NEFA concentrations, present postprandially in the more insulin-resistant subjects in this study, potentiate the activity of CETP [33] and thus promote the atherogenic lipoprotein phenotype.
Recently, the postprandial responses of TRLs were compared between two groups of men matched for fat mass but with either high or low visceral adiposity as assessed by computed tomography [34] . An increased response of medium and small TRL triglyceride and higher plasma concentrations of these particles and TRL triglyceride were observed at 8 h after intake of the test meal in the group with high amounts of visceral adipose tissue. Furthermore, the increase in retinyl palmitate contained in total, large and medium TRLs was higher in the men with greater visceral adiposity as were the IAUCs for insulin and NEFA. In contrast, there was no difference in the fasting plasma triglyceride concentration. We did not find any independent relations between BMI and WHR on the one hand and fasting or postprandial TRLs on the other, insulin being the main determinant of postprandial lipaemia independently of BMI or fat distribution. This discrepancy could be explained by smaller differences in visceral adipose tissue depots amongst the healthy 50-year-old men participating in the study and also by the different tech-niques used to assess visceral obesity. Clearly, insulin was a more important determinant of postprandial lipaemia in our cohort.
The current study in several ways provides further insight into the relations between glucose-insulin homeostasis and metabolism of TRLs. Compared to earlier studies, our group of healthy 50-year-old men with an apo E3/3 genotype is more homogeneous and population-based, which reduces the influence of confounders. We also used a technique, SDS-PAGE of subfractions of TRLs, that allowed us to quantify TRLs of different origin and particle size more accurately than the combination of TRL triglyceride and retinyl palmitate determinations.
In summary, our study shows a strong association between basal plasma insulin and postprandial triglyceridaemia, independently of abdominal obesity. The exaggerated and prolonged triglyceride response to a standard meal in hyperinsulinaemic subjects is accounted for by large TRLs. Furthermore, the plasma insulin concentration correlates with the particle concentration of large VLDLs in the fasting state, a finding which might reflect increased basal production of large VLDL in insulin-resistant people without manifest Type II diabetes. The NEFA effects on the postprandial metabolism of large TRLs appear not to be solely a consequence of the degree of insulin sensitivity of the individual person.
